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SUMMARY

As a part of an investigation_instituted st the Lewis laboratory to
apply turbine cooling to turbojet englnes, a full-scale alr-cooled rotor
was designed, fabricated, and operated 1in a J33 turbojet engine.

Five basic rotor and cooling-sir system designs were studied in
order to determline & configuration which would be practical with respect
to procurement, fgbrication, and operation. The rotor design chosen for
construction was of the eplit-dlsk type, providing for cooling-air
induction in the center of the rear disk and passing the alr radially
oubtward through a vane system between the two disks to the base of each
hollow alr-cooled blade,

A stress analysis based on equal tempersture distribution in both
disks indicated that the rotor was structurally stable at rated engine
conditions. Spin-plt testing of & similar rotor verified the afalytical
results. However, during operation of the rotor in a turbojet engine in
a previous investigation ,the rear dilsk maintained a temperature level.
substantially higher than that in the forward disk. The stress analysis
was extended ta tske into account this tempersasture difference and the
results indicated that excessively high stresses would be imposed on
the forward disk and the serrations in the rim at rated engine condi-
tions. Engine modlifications are belng made to psrmit the rotor to

roperate with both halves at approximately the sams temperature level,

A camparison was made of the critical material content in the J33
production rotor and an air-cooled rotor of the same configursetion.
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INTRODUCTION

An investigation has been initlated at the NACA Lewls laboratory to
extend the applicatlon of turbine cooling to full-scale turbojet engines
thereby permitting a substantial reduction in the quantity of critical - .
materiels used in the turbine rotor. Prior investigations (references 1 -
to 7) demonstrate various methods of controlliing the turbine-blade tem- S
perature distribution by air coaling. The present investigation, the '
heat transfer aspects of .which are reported in reference 8, extends these 0y
technlques to the complete turbine rotor and: exemines the following Es
attendant problems: =

(1) Design of a stable rotor structure for supporting the air- o
cooled blades ’ : : . - . " R

(2) pProvision for a cooling-alr induction system to the rotor

(3) supplying the cooling alr to the blade bases with minimum
aerodynamic and leakage losses o . ' s

(4) Provision for equal distribution of the cooling air to all

blades  -— -~ - - o e e
; s

(5) Producibility of the design and suitability for operation in R
conventional engines . e

The. relative merits of five poseible design configuratione for alr-
cooled turbine rotors were counsijdered. and are discussed in terms of
selection according to operational factors peculiar to each particular s
type of engine spplication. One of the five designs was selected for - R
stress anslysis, spin test, and engine operation to provide information
on design techniques and cperating difficulties, and an approximate )
indication of the potential reduction in the critical material content
in turbine rotors made possible. by air cooling.

The basis of the selection of the particular engine to be used for
the initial application of alr cocling to a full-scale englne was not
considered very important because the results can be generalized. The
J33 engine was readily avalleble In a test setup and was used for the : -
detalled study and experimentation reported herein. ' T

TURBINE DESIGN CONSIDERATIONS

Introduction of cooling air and type of rotor structure. ~ A major N
consideration in developibg the basic design configuration of an air- -
cooled turbine is the method of air introduction. In order to minimize I
cooling-air-flow losgses, the air should be introduced at the smallest ' -
practical radius on the disk, where the tangential velocity is low T
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Five possible methods for introducing cooling air into a turbine
disk are presented schematically in figure 1. A split-disk rotor which
introduces the cooling air through s hollow turbine shaft is illustrated
in figure 1(a). 1In this design, the centrifugal blade loading is shared
equally by two disks made as nearly symmetrical as possible. The torgue
produced by the turbine and any bending loads produced by disk vibration
or £light conditlions must be transmitted through the shaft connection to
the forward disk. This design offers an attractive method of piping
cooling air from the compressor discherge to the turbine rotor; however.
it is not practical where the amount of ccoling necessary 1s so great
that the use of large shafting is required which in turn may create
serious bearing and welght problems. Major revisions would be required
in order to adspt this cooling arrangement to current production engines.

A single disk carries all the blade loading and the cooling air
enters from the center of the disk in the design illustrated in fig-
ure 1(b). A relatively light weight conical shroud attached to the rear
surface of the turbine disk confines the cooling air enroute to the rim
where it may be introduced directly to the blades through blade-base
passages or, as illustrsted, through holes in the rim of the disk con-
nected with openings in the bottom of the blade bases. The shrouded-
disk design results in a stress condition at the Junctlion between the
shaft and the disk more favorsble than in the split-disk type, but has
the following limitations: the method of attaining uniform cooling-sir
distribution to all blades is difficult; size and number of cooling-air
pessage holes through the rim of the disk are limited by stress consider-
ations in the turbine disk; and reliasble stress analysis technlgues are
lacking for the cooling-glir shroud.

A cooling-air shroud applied to the forward side of the turbilne
disk is 1llustrated in figure 1(c). The considerations in the selection
of this design are similar to those presented for figure 1(b) except
that because the shroud is on the forward side of the disk, connections
to the compressor discharge a8 & source of cooling'air are more direct
axd the position of an alr inlet seal 1s more easily maintained by
locating 1t from the bearing housing rather than from the tall comse,

A split-disk design which introduces the cooling air through the

rear disk is shown in figure 1(d) and another split-disk design in which

the cooling-air inlet passes through the forward disk is shown in fig-
ure 1{e). The choice between bringing the cooling alr through the for-
ward or rear disk depends on the relative convenience of piping the
cocling air from its supply source and seallng it at the entrance to

the disk. The size of hole which can be tolerated in the center of the
disk depends on the disk stress level. In some cases & hole large
enough to introduce the necessary quantity of cooling air can be provided
in the rear disk as in figure 1(d), but the larger hole required to give
the same net flow area when the forward disk inlet of figure 1(e) is

used results in excessive disk sitresses.
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No single optimum choice of type of rotor structure can be made
from the flve types presented as the following factors could indicate
any one of the five designs as being superior for a particular appli-
cation: (1) quantity of cooling eir required, (2) source of cooling air,
(3) turbine diameter, (4) turbine speed and (5) power plant application.
The split-disk design with cooling sir introduced through the rear disk’

was determined to be the most feasible for the experimental air-cooled —

adaptation. of the.J33 engine, used in this investigation. For this
application, emphasis was placed on achieving uniform cocling-sir dis-
tribution to the blades wlthin a wide range of caoling-air flow rates = -
and on minimizing the extent of required alterations to an existing

turbine design having a relatively high stress ievel in the rotor.

Cooling-gair inlet seals. - The technique of effectively sealing the
cooling air at the entrance to the turbine rotor constitutes a difficult
and important problem. In a production model engine, alr leskage at tﬁIE"
point reduces engine- efficiency and in an experimental model elther sub-
stantially perfect sealing or s knowledge of the quantity of leakage l1s
essential to obtain accurate heat-transfer data. Two sealing arrange-
ments employing labyrinths as the sealing element are shown in figure 2.
In both arrangements, the cooling-sir supply tube is centered inside the
labyrinth by means of pilot bearings to permit specification of small
diametrical clearances between the labyrinth and the outside diameter of
the sir: supply tube. The pillot bearing is located external to the air - -
inlet tube in a labyrinth housing which is integral with the turbine disk
(fig. 2(a)). In this arrangement the bearing ie exposed to a relatlvely
high temperature zone and "its peripheral speed may, depending on the T
application, require external lubrication which in turn creates another
difficult sealing problem. . A reduction in the peripheral speed to a
level permitting the use of grease—packed sealed pilot besrings may be
accomplished by the arrangement shown in figure Z(b) In this arrange-
ment, small pilot bearlngs are located inslde the cooling-alr supply
tube on a spindle which is turned to be concentric with the mein turbine- =~
ghaft bearings. The air inlet tube is centered by means of a four-vaned
- gpider which is prevented from rotating by clips riveted to the inslde of

the alr inlet tube. The tips of the vanes on the spider have a radius in
the axial direction sbout a center on the spindle axis midway between the
two pilot bearings to permit cocking of the air inlet tube. The maximum
tip dlameter of the gpider forms a closer fit with the inside diameter of °
the sir inlet tube than the fit between the labyrinth and the outside
diameter of the tube. Another possible type of seal for this application
is the face-contact type where rubbing contact occurs between the face of
a stationary carbon ring and a mating surface on the rotating member.
Operational experilence with this type of seal at rubblng speeds in the
region of 12,000 feet per minute has been limited to cases where a a
large amount of liquid cooling has been applie& to the rubbing elements
volding its adaptability to this design in which no liquid is present.

PR PEL Y
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Internal disk configuration. - The three basic objectives in
designing the cooling-air passage configuration in a turbine disk sre:
(a) compression of the cooling air (b) uniform distribution of the cool-
ing air to each of the turbine blades and (c) provision of good entrance
flow conditlons to the blades, The attainment of a propsr velocity pro-
file is compllicated by the need for a relatively small distance between
turbine disks or between a disk and a shroud and by the regquirement
that at the entrance to the blade base the passage be long 1ln the axial
direction and relatively narrow in the circumferential direction.
Analysis indicated that the conditions of low tangentlal velocity, low
cooling-air mass flow,and the inherent air passage shape limitations
would not permit attainment of the first objective, (air compression)
to any eppreciable extent. Frictlon between the air and the disk surfaces
might result in uniform cooling-air distribution, but anaslysis indicated
it would be inadequate to achieve the tangentliasl cooling-air veloclty
required to provide good entrance flow to the blades without vanes. A
split-disk design employing 18 equally spaced sheet metal vanes to give
tangential veloclty to the sir is shown in figure 3. The vanes are
positioned between sheet metal faces on the inner surfaces of the disk
and are supported by tabs projecting into slots in these sheet metal
disks, bolts through bushings welded to the vanes, and mainly by the
wedgling actlon caused by diminishing passage thickness as the disk radius
lncreased. TInasmuch as this design would not distribute cooling air
equitably among the. three blades of each group served by a single passage
between vanes and required extreme care in sheet metal febrication in
order to form a relisble structure, it was not constructed. The design
which was constructed and operated is desecribed in the following section.

AIR-COOLED TURBINE
Turbine Rotor

General structure. - The split-disk design with cooling sair
introduced through the rear disk was chosen for inltilal construction
of a full-scale alr-cocled adaptation of the J33 engine (fig. 1(d)).
The two halves of this rotor were clamped together by elghteen 7/16-inch
dismeter body-fit bolts (fig. 4), but the blade-base serrations provided
the main restraint against relatlve radial displacement of the two disks.

The large diameter bore in the turbine shaft in the reglon of
attachment to the forward disk was made in order to match, as closely
as possible, the strengths of the two disks in the assembly. The small
diameter hole in the center of the shaft was drilled through for thermo-
couple leads. The air inlet seal employed is of the type shown in fig-
ure 2(b) and was installed with the clearances indicated in figure 5.
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Cooling-air passages, - Separate cocling-alr passages for
each blade to . insure uniform distribution in the turbine rotor design
are shown in figure 4. Although the vanes forming these passages were
machined integral with the disks, the same rotor.ls adaptable to other
vane configurations by machining out the present vanes and replecing
them with a separate section of the rotor, containing vanes, to be
clamped between the two existing digks.

Detalls of the 54 vanes may be seen more readily in the photograph.
(fig. 6) taken Jjust after the disks were machined. This photograph
shows how portions of the three inner blade fastening serrations were
machined away to provide the cooling-alr entrance passages to the blade
bases. The clamping bolts protrude only siightly into the cooling-air
passage because they are located in holeﬂ drilled through the vanes, as
shown in figures 4 and 6.

Method of fabrication. - The tlme factor was a prime consideration
in planning construction of the first full-scale alr-cooled rotor in
this.investigation. In order, to save time on forging and to eliminate
extensive machining operations including broaching the blade-root
fastenings, a production model turbine disk was split Into hslves and
the 54 air-cooling vanes were machined aut of the exposed dlsk faces.

Although this procedure used & critical materisl (Timken 16-25-6
alloy), the investigation provided operating experience to determine
gstructural charscteristics of a split-disk deslgn and measurements of
radial and . axial temperature distribution in the disk assembly. A total
of.l/z—inch thickness in the axlal direction was allowed for splitting
the disk in the plane of rotation and for.the. subsequent finish machin-
ing to get flat and square faces on the surfaces of the disk which were
clamped together. In addition to this l/Z-inch the over-all effective
thickness of the disk was also reduced considerably by the cooling-air
vanes machined in the disk. When the depths of the vanes in both disks
are combined, a maximum depth of C.75 lnch at the root of the serrations
and a minimum of 0.40 inch at gll dlameters between 8.50 lnches and
11.62 inches are cohtalned. Because of the foregoing considerstions,
the original disk thickness was reduced gt the rim from 2.80 inchee to.
an effective thickness of 1.57 inches. All stress calculations, were
made on this basis; the reductions in disk strength were partially
compensated for by the reduced welght of the air-cooled blades.

In splitting the production model disk through the center in a
plane perpendicular to its axis,s band saw was found to be almost
completely ineffective and after one section of replaceable teeth in a
large circular saw was broken, the disk was split by means of a lathe
and a 3/8-inch-wide parting tool. .
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Tgil Cone

In order to supply the cooling air to the disk st reasonsble flow
velocities, a maximum velocity at the entrance being spproximstely
400 feet per second, a flow area of 8.3 square inches was required in
the cooling-air supply tubes.. In order to prevent excessive heat
addition to the cooling air by the exhaust gases of the engine, the
interior of the tall-cone vanes could not be used directly for air
passages and the srrangement shown in figure 7 was devised. The

required flow area was provided by four lg-inch tubes entering the

center section of the tail cone radially through a pair of redesigned,
airfoil-shaped tail-cone vanes. This construction method provided an
insulating air space between the inside of the tail-cone vanes and the
alr supply tubes and left the remsining two tail-cone venes as they
existed in the production engine. Since this tail cone was not a

flight model, no attempt was made to achieve a light weight structure.
The bellows Jocated in the cooling-sir 1nlet tube and the radial support
on the disk side of the bellows wére used to reduce the effect of thermal
distortions of the tail-cone assembly on the axlel position of the tube
in the labyrinth in the turbine rotor. In order to provide an axial
restraint for the air inlet tube, the inner tail-cone plate, located
rearward of the turbine disk, was altered. The plate was given a deeper
dish to clear the labyrinth air seal and was fitted loosely between lips
of a two-plece ring at its enlarged cemtral hole. This two-piece ring
was threaded over the cooling-air inlet tube which could then be adjusted
to anchor the inlet tube from the tall-cone plate in the proper axiel
position. Details of this anchor ring, which is shown in Pigure 7, can
be seen in figure 5.

Turbine Blades

Airfoil section. - A hollow blade with a nlne-tube pack insert was
used. with this turbine wheel. This blade profile was nontwisted and
was of the same profile as blade 4 of reference 8. At the root section,
this blade had the same profile as a production-model twisted blade for
the same engine except that the leading-edge radius was approximstely
doubled. As in the rotor, no attempt was made to use noncritical
materials for initial operation of the blades which were cast from X-40
alloy. The nine tubes, which were furnace brazed inside the shell, were
of stalnless steel., The size and location of the nine tubes in the pack
are shown in figure 8, The wall thickness of the airfoll portion of the
blade varied linearly from 0.060 inch at the root to 0.030 inch at the
tip. This varigtion in wall thickness resulted in a ratio of total metal
area, including the shell, tube pack, and braze metal, at the tip, to
the metal area at the root of 0.61, as the tube pack and inner passage of
blade were of constant cross section throughout the length of the blade.
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Base.gection. - As shown in figure 8, the three lower serrations
were omitted neer the junction of the cooling-air passage in the wheel
and the blade base. The coolling-air. inlet passage in the base l1ls an
approximate alrfoil and radially forms a transition to the airfoil shape
of the inside of the blade section. A bulkhead was cast in the central
portion of ‘the cooling-air passage to lncrease the collapsing load that
can be resisted by the blade base. The center of gravity of the blade in
the ‘exial direction was located over the parting line between the turblne
disks and as & result of the 1/2-inch reduction in rim width, the trail-
ing edge of the blade overhangs the blade base. A ledge was extended
downstream on the top surface of the blade base to support the trailing

edge (fig. 8).

Blade stress. - Since the tube pack in the shell was terminated at
the top of the base, the root section of the shell carried the centri-
fugael loed of the tube pack as well as the shell weight. The centers of
gravity of the blade sectlons were stacked on a radial line and locating
dimensions were glven tolerances so that deviatlons would tend to compen-
sate for gas~-bending loads. The average tensile stress at the roaot of .

cgﬁgz”f“

the shell due to cenbtrifugal lopgding on shell, tube pack, and braze metal

was 33,000 pounds pe¥ squére inch at design speed of 11,500 rpm. Because
metal temperatures were reduced by cooling, this stress level was con-
sidered tolershle. BStreéss level cen be rediiced 10,000 pounds per square
inch by extending the brazed-tube packs into the base so that they will
be partially self-supporting and by using 1arger tapers in the shell wall
than those specified herein.

STRESS ANALYSIS OF ROTOR
Analysis Based on Similar Temperature Levels

Calculation method. - The stress analysis of the split-rotor aesign

was initlally performed by treating the two dlsks as independent rotating

components. No restraining forces were assumed to be trensmitted from
one disk to the other, either through the bolts holdlng the two disks
together or through the blade bases in the disk serrations. Since such
conditions are probably desirable during englne operation of the rotor,
gpecial attention was given to those factors in the design which would
influence relative deformations of the two disks. The profiles were made
as nearly alike as weas mechanically feasible to fulfill these conditions.
The major difference between the two disks occurs at the center where a
3.25-inch dlameter hole is necessary in the rear disk for induction of
the cooling ailr while the forward disk is attached to the shaft. The

end conditions were. therefore made more nearly alike by boring & hole in

the center of the forward disk and extending it into the shaft as showmn
in figure 4. Since the hole in the forward disk would not completely
free the dlsk from restraint by the shaft, the major portion of the
gtress and hurst analysis was devoted to the rear disk, which had no
restraint at the hole. ' .

o —
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For the purposes of the preliminary.analysis, a predicted tempera-
ture gredient was used and was agsumed to apply to both the forward and
rear disks. Data were available from a previous study in which tempera-
ture measurements were made along the radius of a solid rotor operating
in a turbojet engine similar to.the. one for which the air-cooled split
rotor was designed. These tempersture measurements at maximum operating
Speed were modified ip accordsnce with the estimated effect of the cool-
ing alr passing through the rotor to the blades. The resulting assumed
temperature veriation along the radius of the disk which was used in the
stress analysis is shown in figure 9. The temperatures are considered

"to be somewhat conservative since a very low cooling-air flow was assumed.

Later -in the investigation, actual tempersture messurements were made of
the split rotor during operation and were used in a more complete analysis
which follows.

The general method of stress analysis which was employed 1s the
finite-difference approach described in referenceg 9 and 10 in which the
elastic and the plastic conditions are treated for rotating disks with a
temperature gradient. The variatlon of the properties of the disk
neterial with temperature and the central hole for induction of the cool-
ing sir are taken into account in the snalysis. The outside diameter of
the disk is assumed to be the maximum diameter at which the disk is
continuous in a circumferentisl direction. The entire serrated portion
of the rim plus the turbine blade alrfoil sections and turbine blade
bases are considered as a uniformly distributed centrifugal load on the
disk proper. -

The internal cooling-air guide vanes provide an additional load
distributed In a complex menner along the radius of the disk. These
vanes were assumed to be nonsupporting and the load which they trans-
mitted to the disk was assumed to be uniformly distributed in the
tangential direction. This addlitional load on the dilsk was taken into
account by lncreasing the density of the dlsk material at each point
along the radius where the vanes exist by an amount equivalent to the
weight of the vanes at that point.

This anelysis produces the radial and tangentisl stresses along the
radius of the rotor but does not take into account the presence of the
18 bolt holes near the rim of the rotor. Since the analysis shows that
the tangential stresses gt the bolt circle are nearly zero because of
the combination of the effects of the centrifugal fleld and the thermal
gradient, only the radial stresses need be considered in evaluating the
stress concentration effects of the hole. If the smsll tangentisl
stresses are neglected and the condition at the bolt circle is assumed
to be one of tensile stress only, a stress concentration factor of
approximately 2.8 (reference 11) would exist at the hole and would
decrease very rapidly with distance from the hole in a tangential
direction. For ordinary conditions of operation, the stress
at the hole exceeds the elastic limit of the material and some plastic
flow could be expected to oécur.
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The stress ansglysis was made at an overspeed of 12,650 rpm, which
is 10 percent gbove maximm rated speed for the engine for which the
split rotor was designed. The stresses at maxlimum rated.speed, which
is 11,500, are therefore approximately 20 percent below the stresses
computed for the 10-percent overspeed. In addition, stress calculations
were made at successively higher speeds and the diametral elongation was
computed at each speed, taking into account plastic flow. A plot of the
total diametral elongation sgainst speed shows that at some speed the
elongation increases very rapidly for small additional increases in speed.
The curve reaches a maximum which defines the maximum attainable speed of
the wheel. Previous experience has indicated thet the experimental burst
speed 1s 2 to 5 percent lower than the computed upper limit of the burst
speed. The computed result is therefore modified accordingly to obtain a
practical predicted burst speed.

Calculated stresses at l0-percent overspeed with assumed tempera-
ture gradient. - On the basis of the procedure described in the preced-
ing section, a stress calculation was made for the rear disk at the
10-percent overspeed of 12,650 rpm based on the assumed temperature
gradient shown in figure 9. The effective profile used in the calcu-
letion is shown in figure 10. "Effective profile" is used to differenti-
ate between the plot of. the effective disk thickness versus radius and
the actual physical contour of the disk. The effective disk thickness
versus redius is a faired curve which ignores projections and shoulders
which carry no load, such as the cooling-air guide vanes. The load on
the disk produced by these projections is taken into account by adjusting
the density of the material at those points where the projections exlst.

The diameter of the central hole indicated in figure 10 is
3.50 inches. The spparent discrepancy which exists between this value
and the previously stated value of 3.25 inches 1ls the result of a
shoulder in the central hole of the disk which accomodates the cooling-
air supply tube and provides a smooth entry for the alr. The shoulder
ig not considered a part of the effective profile and hence the effective
hole diameter is considered to be 3.50 inches.

The tangentisl and radlal stress curves are shown below the effective
profile in figure 10. The solid lines represent the results of a calcu-
lation in which the material was assumed to be completely elastic at all
stress values. The dashed lines represent the results of a calculation
in which plastic flow was assumed to occur in accordance with experimental
stress-strain curves for the rotor material. The compressive tangentlal
stresses at the. rim are a result of the assumed temperature gradient along
the disk radins. The elastic calculation showg high tangential stresses
at the hole which are beyond the yield point of the material, which for

the temperature near the hole 1s approximately 90,000 pounds per sgquare 1nch_
The manner in which these stresses are redistributed in the actual plastic

cage is illustrated by the dashed line, Only a emall amount of plastloc
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Plow is necessary to provide redistribution and does not constitute s
hazardous condition. The radial sbtresses are zero at the hole, rise

to & maximum of 62,000 pounds per square inch at a radial distance of
6.25 inches, and then drop to the rim-loading value of 26,000 pounds per
square inch at the rim. The tangentlsal stresses are Bearly zero st the
position of maximum radial stress.

In order to determine the loading effect of the cooling-sir guide
vanes on the disk, a second calculation was made in which the vanes were
considered to be absent and all other factors were considered to be the
same as in the first celculastion. The results of the elastic calculation
show that the cooling-air gulde vanes increase the radial stresses
approximately 2000 pounds per square inch at the meximmm radisl stress
position and increase the tangential stress at the hole by approximately
the same emount.

Serration shear stresses. - The shear stress existing in the ser-
rations at 10-percent overspeed which is due to the action of the centri-
fugal force on the blades was cslculated on the assumption of an even
distribution of loading along all serrations and by use of a calculated
value of 0.081 square inch of shear area per inch of individual serration
length. On this basils, the shear stress was calculated to be
20,300 pounds per square inch. Only the top three serrations were
assumed to carry the load since much of the botitom three is cut away to
provide passage for the cooling air. The portion of the bottom three
that remains. is considered to be present only to prevent escape of the
cooling air. The calculated shear stress 1s therefore somewhat con-
servative; however, it is seen that a substantial mergin of safety
exists when thils value is compared with.the shear rupture strength of

"the materiel. The tensile stress rupture for 16-25-6 alloy for

100 hours at 1000° F is approximately 83,000 pounds per square inch
(reference 12). The shear rupture strength would be spproximately 65 per-
cent of this value or approximately 54,000 poynds. per square inch. (The
value of 65 percent was obtained from unpublished experimental data.)

Determination of theoretical burst speed. - As described previously,
the elongation of the disk was computed at successively higher speeds
until sufficient points were obtalned for the plot shown in figure 1.
The curve reachgs & maximum at a speed of 17,900 rpm, which is therefore
taken as the maximum attainsble -speed of the disk. It is apparent that
& substantisl factor of safety ex1sts since the m&xlmum ‘operating speed
is 11,500 rpm.

-

Spin-Pit Investigation

Purpose of spin test and description of rotor. - In the stress
analysis of the split rotor just described, a number of assumptions
were made to provide necesgary eimplification of the problem, In order
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to test these assumptions and also since the split rotor was to be
operated in a J33 turbojet engine, it was desireble to experimentally
determine the burst strength of such a rotor to confirm the analytical .
results. A split rotor similar to the rotor intended for operation in
the engine was therefore fabricated for the spin test.- The cooling-air
guide vanes were eliminated for the spin-test rotor to minimize the
machining process. The calculations of the previous section provided
substantial evidence that the effects of these vanes on the strength of
the rotor would be small. '

The profiles of ;the spin-test rotor were.similar to the rotor
;ntended for engine operation and the two disks were held together in
the same manner, with eighteen.ig-inch bolts on a l3g-inch bolt circle.
The conditions gt the center of the spin-test rotor were also similar
to the engine rotor. A hole was machined in the rear &isk and another
was machined in the forwerd disk which extended into the shaft. A solld
cone was machined and fastened to the rear disk in the cooling-air
supply hole. This cone extended into the lnner race of a beasring during
operation with a clearance of aspproximately 1/8 inch between the cone
and the inner race thus preventing excessive wobble and loss of the
rotor during acceleration through the critical speeds. The spin test
was performed in a vacuum with the rotor at room temperature.

Stress analysis. - A stress analysis of the spin-test rotor was
made in a manner similar to that described in the preceding section for
the rotor intended for engine operation. The rim loading was calculated
to be 21,000 pounds per square inch at 12,650 rpm on the basls of a
150 gram airfoll plus 1ts hollow base and the lnterrupted portion of
the rotor at the rim. This value differs from the rim loading of the
engine rotor because of a subsequent change in the design of the blade

base. The loading was obtained through the use of ordinary solid blades”

waich were cut to the proper length. The radial and tangentlial elastic
stress curves are shown 1n figure 12 for 12,650 rpm together with the
effective profile, Temperature along the radlius was assumed to be
constant. The tangential stress at the hole exceeds the elsstic limit

of the material by a small amount and some plastic flow would be expected

giving a minor adjustment of stresses in the immediate viclnity of the
hole. A prediction of the burst speed was made in the same manner as
described previously and was determined to be 18,500 rpm. Since the
actual burst speed is generally found to be 2 to 5 percent below the
theoretical value, the rotor would be expected.to burst in the range of
approximately 17,600 to 18,100 rpm.

Spin test and burst test. - The forward and rear disks were
assembled with short lengths of 0.005-inch pianoc wire placed between )
the two disks at the rim. Approximately 1 inch of wire was sllowed to
protrude from the rim. The eighteen 7/16-inch bolts holding the two

. 99¢2,
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disks together were tightened to a prestress of 45,000 pounds per
square inch and the rotor was spun to the 10 percent overspeed of
12,650 rpm. The correct prestress value was obtained by measurement
of the bolt length. All the wires were still in position after this
operation, indiceting that the two disks had not separated at the rim.

Measuremente were mede of the rotor before and after running at
verious speeds. These meassurements included (1) tip to tip of blades
across a diameter, (2) diameter of bolt-hole circle for both disks,
and (3) distance between disks near the center. These measurements
were made with ordinary shop micrometers.  Since the two disks touch
each other only at the rim, the tightening of the bolts to the
45,000 pounds per square inch prestress produced a O. 02l-inch movement
of the two disks toward each other at the center. Operation at
12,650 rpm produced a further movement toward each other of epproximately
0.003 inch. In order to interpret these dimensional changes, figure 13
illustrates the relative movement of the two disks at the center with
variation in the bolt prestress. The three bolt prestresses used,
45,000, 30,000, and 15,000 pounds per sguare inch, were obtained by
tightening to the corresponding bolt elongations. Measurements of the
distance between the disks at the center were made at each prestress and
these values are shown on the ordinste with the bolt prestress on the
ebscissa. As shown in figure 13, the bolt prestresses were set with
sufficient accuracy and small changes in the bolting could cause relative
disk movements of 0.003 inch in the axial direction. The change of
0.003 inch in the spacing between the disks due to operation at
12,850 rpm is therefore considered to be indicative of minor bolting
changes rather than permanent deformation of the disks.

The measurements of the over-all diameter and the bolt-clrcle
dismeter before and after operation at 12,650 rpm indicated an increase
of 0.003 inch. The accuracy of this measurement is questionable since
no movement of the blades in the serrations in the case of the over-all
diameter measurements snd rno motion of the tapered pins placed in the
bolt heads for the bolt-circle measurements are essumed. Even if the
entire 0.003 inch increase was atbtributed to permanent rotor deformation,
it would not be serious since the spin test was made at a speed 10 per-
cent above rated.

Tn order to determine the possibility of disk separation at the rim
at reduced bolt tightness, the rotor was spun &t 12,650 rpm at bolt
prestresses of 30,000 and 15,000 pounds per square inch in addition to
the initial value of 45,000 pounds per squaere inch. The runs were made

without Joss of any wires, indicating firm contact of the disks at the
rim. \

After the preliminary spin-test results were obtained, the rotor
was spun to destruction, burst occurring at a speed of 17,200 rpm. The
actual burst speed, therefore, compared favorebly with the predicted
range.

Mo
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In figure_l14(a) the forward disk is shown pleced together after
the burst, with the shaft shown in .the upper portion of the photograph.
A view from the rear is presented in Ffigure 14(b) and Pigure 14(c) shows
the remaining fragments of the rear disk which do pot appesr in flgure
14(b). The fracture lines are predominantly radial and no large rim
gections were lost because of fracture lines betwsen bolt holes, there-
fore bolt holes do not constitute a hazard in thie deslign. Some of the
radial fracture liries passed through the bolt ‘holes while others did tot.
Approximately one-third of each.of the two disks remained bolted together
efter the burst as shown in figure lé(b) The shaft fractured in the - -
weld region. .

Effect of Digsimilar Temperature Levels on Disk
Stress Distribution

Measured. temperature distribution. - In the foregolng enalysis, the
predicted temperature gradient shown ln figure 9 was assumed to apply to
both the forward and the rear disks of the gplit rotor. During operation
of the split rotor in a J35 turbojet engine as described in reference 13,
the forward disk ran at tem@eratures substantially lower than the rear
disk. The estimated temperature distribution for the two Qisks at —
11,3500 rpm, effgctive gas temperature 14450 F, and effective cooling air
temperature 120~ F at a rcoolant. flow ratio of 0.02 is shown in figure 15
which was taken from refererce 13. These temperature distributions were
estimated from actual messured. temperatures. at lower speeds. A differ~
ence of approximately 375° F exIsts between the two disks. For the
stress analysis of the disk proper, the curves are of interest only up
tc the 8-inch radius; beyond this point the temperstures are of interest
in determining the strength of the blade fastening.

Elastic stress shalysls at 11,500 rpm. - For the stress analysis,
the disk material was_assumed to remain elsstic regardless of the
magnitude of the stress. It was further assumed that the final posltion
of the rim of the dssembled rotor at 11,500 rpm would be halfway between
the positions of the rims of the individual disks 1f allowed to elongate
wilthout restraint. " This assumption implies equal radial stiffness of the
two disks and alsc lmplies perfect transmission of the restraining forces
from one disk to the other through the blade bases in the rotor serrations.
Evidently a certalin amount of relative motion of the two disks could
actually occur without transmission of restraining forces because of the
small clearances between ‘the blade.and the rotor serrations.

The total radlal_elongations of the. WO disks, treated as free_
bodies rotating at 11,500 rpm, were calculated_to .be Q. 040 inch for th
rear disk and 0.013 inch for the forward disk. The'restrainlng force
which would be required to produce s total radial elongation of 1/2 the

dlfference between the elongations (0.040-0.013) or 0.0135 inch in each
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disk was then calculated and found to be 73,800 pounds per square inch.
The total effective rim loading on the Pforward disk was therefore .
21,660. pounds per square inch (the rim loading produced by the blades

and the interrupted portion of the disk) plus the tensile restraining
load of 73,800 pounds per square inch or 95,460 pounds per squere inch.
In the case of the rear disk the restraining load is compressible so that
the total effective rim loading i1s therefore 21,660 minus 73,800 or
-52,140 pounds ‘per square inch. The elasstic stress_ analysis was then
wade for esch dilsk at the speed of 11,500 rpm using the appropriate total
effective rim loading and the results are shown in figure 16. The
tangential and radial stresses for the rear disk are entirely compressive
because of the effective rim loading of -52,140 pounds per square .inch.
The forward disk on the other hand has very high tensile stresses

because of the high positive rim loading of 95,460 pounds per square
inch. Although the disk materisl was assumed to be elastic for all
stress values, actually the elastic limit is exceeded in the forward
disk. For this reason, a more rigorous gpproach was utilized, taking
into account the plastic flow of the material in the disks.

Plastic stress analysis at 11,500 and 14,500 rpm. - Because of
plastic flow, the rim of the assembled rotor could no longer be assumed
to seek & position at 11,500 rpm midway between the positions of the
rims of the two disks treated as independent bodies. In order to obtain
the totel effective rim loading, it was necessasry to employ & more
elaborate procedure. Various values of restraining load were assumed
and the total radilal elongation of each disk weas calculated for plastic
flow for each assumed restraining load plus the normal rim loading,

The elongation was plotted against restraining load for each disk and

is shown in figure 17. Since 1t 1s assumed that, the radial elongations -
of the two disks must be equal because of the.connection at the rim, the
restraining load is determined by the point at which the elongation
curves intersect. The restralning load at the speed of 11,500 rpm is
50,000 pounds per square inéh (fig. 17). The total effective rim loading
on the forward disk is then 21,660 plus 50,000 or 71,660 pounds per
square inch and the total effective rim loading -on the rear disk is
21,660 minus 50,000 or -28,340 pounds per square inch.

By utilization of the computed total effective rim loadings, the
tangential and radial stresses were calculated for plastic flow and the
data shown 1n figure 18. The stresses in the forward disk sre consider-
ably lower as a result of the plastic flow than in the analysis in which
complete elasticity was assumed. In order to obtain some indication of
the imminence of rotor fsilure, another plastic snelysis was made at a
speed of 14,500 rpm in the same manner as-that described for 11,500 rpm.
The elongation versus restraining load curves are shown in figure 17.

At 4,500 xrpm the elongations of the two diske are equal at a restrain-
ing load of 29,000 pounds per square inch. The total effective rim
loadings are therefore 34,430 pounds per square inch (rim loading caused
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by blades and Interrupted portion of disks) plus 259,000 pounds per ~ ~
square inch or 63,430 pounds per square inch for the forward disk and
54,430 minus 29,000 or 5,430 pounds per square inch for the rear disk.
By utilizing these computed effective rim loadings, the stresses were
again calculated for plastic flow and are shown in figure 18. A com-
parison of the results &t 14,500 rpm with those of figure 18 for '
11,500 rpm shows that the increase of 3000 rpm produced only a small
change in the stresses in the forward disk but substantially increased
the stresses in the rear disk. The processes involved are therefore
evident. At the lower speeds of rotatlion, the high restraining loadings
that result from the differentlal thermal expansions produce high
tensile stresses in the forward disk and very low or compressive stresses
in the rear disk. As rotative speed is increased, the stresses in the
forward disk exceed the elastic limit of the materilal, resulting in ’
plastic flow. This plastiec flow, as shown in flgure 17 reduces the
restraining 1oad and Iincreases the effective rim loading on the rear
disk while decressing the effective rim loading on the forward disk.
The stresses in the forward disk change only e small amount as a result
of the comblnation of reduced restraining loading and increased speéd
while the stresses in the rear .disk lncrease rapidly. A certain speed
is reached at which. the plastic flow decresses the restralning load to
zerc and both disks then attaln the same stress levels. = Although the
forward disk attains a high stress level at operating speeds, the
conditlon is not necessarily hazardous since a small amount of plastic
flow 1n effect unloads the forwvard disk and causes the rear disk to
assume more of the rim loading.

Effect of rotor serrations and strength of blade fastenling. - In
this analysis, the two disks were assumed to bhe rigidly fastened
together, thereby permitting no relatlve motion of the disks at the rim.
This assumption 1s not strictly correct, since some relative motion
could occur as & result of the clearances of the blade bases in the
raotor serrations. This relative motion would reduce the restraining
forces to some extent by permittling the rear disk to expand allghtly
before applylng forces to the forward disk. The magnitude of the
relstive motion which materially reduces the restraining load is
indlcated in figure 17. The elongation curves for 11,500 rpm show that
a difference of 0.010 inch in radial elongation of the two disks reduces
the restraining load to only 41,000 pounds per sguare inch..

The analysis described in the foregoing sections has been concerned
only with the rotor. proper and the assumption has heen made that the
restraining forces can be transmitted through the blade bases in the
disk serrations without distprtion or rupture of the serrations. The
restralning forces are gssumed to be transmitted in a uniformly dis-
tributed manner. - Any attempt to estimate the stresses 1n the .serrations
cauvsed by the restraining forces and the centrifugal load of the turbine
blades must take into account the fact that the-loading imposed on the
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serrations is not simple nor uniformly distributed. By expanding rela-
tive to the forward disk, the rear disk actually causes a system of
bending moments to be set up in the serrations. In addition to this
system of bending moments, the centrifugasl forces of the turbine blades
are distributed in some unknown manner over the serrations. A rigorous
analysis of this complex load distribution was not attempted. However,
to obtain some idea of the magnitude of the serration shear stresses, a
calculation was made on the basis of a uniform loed distribution at the
speed of 11,500 rpm which indicated a serrstion shear stress of

64,400 pounds per square inch. The high indicsted serretion shear
stresses and the high disk stresses demonstrate that it is necessary to
reduce the temperature difference between the two disks to permit satis-
factory operation of the rotor in the engine.

EFFECT ON CRITICAL MATERTAIS REQUIRED

Direct substitution of & noncriticsl material in blades and disks
of the same configuration as the air-cooled split-disk rotor discussed
herein was investigated. Stress analysis besed on the radial temperature
gradients plotted on figure 15 for the forward and rear disks indlcated
that Timken 17-22A(S) bad sufficient strength for this disk epplication.
The same material also exhibited adequate strength when used for the
rotor blades during the engine cyclic tests reported in reference 14. A
comparison of welghts and criticael material content between an sir-cooled
turbine rotor of the same configuration as that reported and. the
J33 engine is presented in table T. A reduction in total rotor welght
of 46.2 percent as indicated in the table would not be likely generally
because this air-cooled rotor i1s compared with an obsolete model non-
cooled design which is much heavier than the current production rotor
for the same engine. Because reductions up to 98 percent can be
accomplished in the critical material content of turbine blades and
disks for operation at present gas temperatures of 1600° F to 1700° F,
the use of intermediate alloys in conjunction with air cooling could
increase these gas temperatures. : :

SUMMARY OF RESULTS

An gir-cooled split-disk turbine rotor having a set of hollow
blades with & nine-tube pack insert and a modified engine tail cone was
deslgned for experimental operation in a J33 turbojet engine. The
design was chosen on the basis of a study of five basic rotor and cooling-
air system configurations. The rotor design was of the split-disk type,
providing for cooling-air induction in the center of the resr disk and
passing the alr radially outward through a vane system between the two
disks to the base of each hollow alr-cooled blade. :
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A ptress snalysis was made of the split-disk rotor having. cooling-air
induction in the rear facej utilizing a predicted temperature grsdient ; ¥
which was assumed to apply to both the forward and rear disks. This - i .o
analysis indicated that the air-cooled retar was structurally sound and T
capable of operation at rated engine cqgnditions. . _ o

Another rotor of the. same vonfiguratlon as the engine rotor except
for omission of the cooling-air guide vanes wes constructed for spin
test as a check on the analytical procedure. Spinming at an overspeed of -
10 percent above rated showed the rotor to be free from any undesirable -
permanent deformations. The spin test was continued to burst which occurred .
at 17,200 rpm. The predicted range of burst was 17,600 to 18,100 rpm.” =~ 7

Operation of the split-disk rotor in the J33 turbojet engine at speeds
up to 600 rpm showed that the two disks did not operate at the same _
temperature levels. Data extrapolated.tn rated speed conditions
indicated a temperature difference between the two disks of approximetely
375° F. For this resson, B second stress analysis was made utilizing
the new tewperature distribution curves. This analysis showed thet high
stresses were imposed on . the forwerd disk as a result of the greater o T

- e =

elongation of the rea disk and consequent transmittal of restralning o
forces through the blade bases in the disk serration. In addition to .
the undesirable disk stresses the analysis indicated that the stresses -
in the serrations were beyond safe operating lévels. The assumption was ot

mede in this anelysis that perfect transmittal of the restraining forces . -
was obtained through the blade bases. The computed disk stresses are . -
therefore somewhat conservative since some motion of the bases in the . =
gserrations due 1o clearances would tend to reduce the restreining forces.

However, the analysis indicated that definlte measures ghould be taken to

permit operation of .the split~disk rotor in. the engine at substantially o
the same temperatures in the two disks. . . _ R

. . - re s e —m

Results indicated that a substitution of a nonecritical material
could be made in both the disks and the blades. The reduction in
critical material content amounted to spproximately 98 percent 1u a
comparison based on use of Timken 17- 22A(S) in the air=cooled. rotor _ _
reported and the J33 engine. : . : - R Ep—

Lewis Flight Propulsion Laboratory
Nationsl Advisory Committee for Aeronautlcs
Cleveland, Chie . ... . . ... ...
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TABLE I - COMPARYSON OF WEIGETS AND CRITTCAL MATERTAY, CONTENT BETWEEN ATR-COOLED SPLIT ROTCR OF
REDUCED CRITICAL MATERTAL CONTENT AND ORIGINAL SONCOOLED ROTCR :N A: C,A.;

Efimken 17-22A(8) essumed in noncritical rotor and blades, ¥Timken 16-25-6 in original turbine rotor,
and S-816 in original blades.]

Unit - Type of Unit Weight Critical material content Criticel material
unit weight |reduction (1b) content reduction
(1b) in air- in afr-cooled
cooled design
design {percent)
(percent)| cb Co W Cr No .58 v
Rotor assembly, | Air-cooled
turbine rotor noncritical .
and blade with-| design 146.6 45.2 : 1.83 [ 0.75 0.37 98.1
out shaft .
Original non-
cooled design | 272.0 1.77 ]19.82 j1.989 45.30 [15.51 |85.70
Turbine rotor | Afr-cooled .
without blades | noncritical
or shaft design 135.2 48.8 1.44 Q.57 0.29 97.8
Originsl non- -
cooled dasign | 225.0 . 36.00 [13.50 ([56.25
Complete set Alr-cocled
of 54 turbine noncritical
blades design . 3.4 35.0 O.40 Q.15 0.08 88.8
Original non-
cooled design|{ 4§.9 1.77 {19.82 1.98 9.29 2.010 | 945
Base portion Alr-cooled
of single blade | noncritical.
design ©.254 | 38.6 . 0.0032] 0.0013 0.0006 98.7
Originsl non- )
cooled .design 0.414 0.0156 | 0.1750|0.01L76| C.0821[ 0.0178{ 0.068%55
Alrfoil portion| Alr-cocled
of single blade: noncriticel
desigh 0.327 | 28.0 0.0041} 0.00L6 ’ 0.0008 98.5
Original non-
cooled design | .0.454 0.0171} 0.1920[|0.0193} 0.090L| 0.0195| 0.0816
Chamical composition
Haterial [ Mo P s . 81 Cr Mo ¥ N1 - X Co | o
17-224(8)[ 0-28-0-33] 0.45-0.65 0.040 max[0.040 mex|0.55-0.7§ 1.0-1.5 [0.40=0.50 0. 20050k ~moomm Y PSS R P .
16-25-6 -08=.10{2.0 max |-~—--—--=| —eeeu—_11.0 max {16.0 6.0 e 25..0 Q:15 m———| e | e
£-816 -38 . -48 | ————| .38 19.84  [4.30 e 20,17 |—-mem---[42.28]4.28]5.77
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(b) Light weight cooling-alr shroud on rear face of rotor.

Figure 1. - Continued. Five altermative canfigurations for. cooling turbine rotors and
blades using light weight conical shrouds and aplit rotors as basic structures.
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Figure 1. - Cantinued. Five alternative configurations for cooling turbine rotors and
blades uaing light welght conloal shrouds and split rotors as basic structures.
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(d) Split-rotor for air cooling with rear cooling-air inlet.

Figure 1. - Contlnued. Five alternative conflgurations for coolling turblne rotors and
blades using light welght comical shrouds and split rotors as basic structures.
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(a) Pilot bearing in lsbyrinth seal housing mounted on outside dismeter of air inlet tube.

Pilot hearings \ ‘
. Cooling-atr
inlet tube
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(b) Pilot bearing located on spindle attached to turbine disk and centering air inlet
tube by means of four vane gpider.

Figure 2. - Alternative arrangements for mainteining cooling-gir inlet tube concentrie
with elr seel labyrinths sttached to rotor for rear-disk cooling-air inlet.
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Figure 3. - Proposed air-cooled split-rotor with 18 sheet metal vanes.
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Figure 4. - Alr-cooled split rotor with 54 integrelly machined venes.
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Three tubes 0.175" 0.D. ~ 0.017"" wall

Five tubes G156 w 0.0207 wiil

ome tube 0,190 0.D. ¥ 0.070" well

Figure 8. - Nine-tube pack cast X-40 air-cooled bdlade.
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Figure 11. - Deformation and bursting of air-cooled rotor.
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(a) Porwerd disk fregments and sheft.
Flgure 14. - Burst alr-cooled rotor.
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(b) Forward and rear 8isk fragments viewed from rear side.

Tigure 14. - Continued. Burst air-cooled rotor.
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Flgure 15. - Dlsk temperature distributions at 11,500 rpm, based on
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Figure 19. - Plastic stresses for forwerd and rear dlsks having dissimiler tempersture distri-
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